There is growing interest to produce fuels from algae, namely the third generation biofuel. Galactose and glucose are basic chemicals for many red macroalgae, but fermentation of the mixed sugars may suffer significant glucose repression using yeast. Therefore, another fermentation, acetone-butanol-ethanol (ABE) fermentation of the mixed sugars was studied using Clostridium acetobutylicum and Clostridium beijerinckii. Both strains can use either galactose or glucose, and showed an optimal pH at ~ 5.0. Co-fermentation of the mixed sugar showed simultaneous consumption of glucose and galactose, and exhibited solvent production of 4.19 and 4.57 g/L using Clostridium acetobutylicum and Clostridium beijerinckii, respectively. The fermentation can become more industrially practical if improvement in galactose consumption can be further improved in the future.
Acetone-butanol-ethanol (ABE) fermentation is an old industrial process used to produce acetone and n-butanol from different substrates such as starch, molasses, and sugar cane. The process has been used to produce biofuel from natural products consisting of sugars. It ranked second only to ethanol fermentation until the first half of 20th century. But between early 1960 to mid-1980, ABE fermentation was discontinued due to unfavorable economic conditions compared with petrochemical industry. If low-cost substrate such as algae can be used, restart of ABE fermentation becomes more attractive.
Besides other natural products [1] , galactose and glucose are basic chemicals for many red algae [2, 3] , especially in the cell walls. For example, glucose can be produced from cellulose while galactose can be derived from agar or carrageenan from red macroalgae. For efficient production of biofuel, the microorganism should be efficient in utilization of both sugars. Compared to glucose suppression in yeast fermentation [4] , ABE fermentation might be advantageous because less glucose repression was reported [5] .
Though several studies have examined fermentation of galactose [6] or red algae hydrolysate [7] using Clostridium, very little information is available for simultaneous utilization of the two major components from red algae and the pH optimal, which conditions affect not only cell growth and sugar consumption, but also the solvent production [8] .
Acetone-Butanol-Ethanol (ABE) fermentation strains are classified as Clostridium acetobutylicum (C. acetobutylicum), C. beijerinckii, C. saccharobutylicum and C. saccharoperbutylacetonicum, which all belonged to Clostridia Class [9] . In this study, consumption of glucose and galactose was tested for two solvent producing Clostridium species, C. acetobutyricum and C. beijerinckii. Optimal pH was further screened for both substrates using the two strains. Finally, co-fermentation was performed to examine whether glucose repression existed in utilization of these two substrates.
It was found that both C. acetobutyricum and C. beijerinckii can grow on either glucose or galactose substrates ( Fig. 1a) . A previous report demonstrated that C. beijerinckii did not grow well on hydrolysate of agar [7] . Our results here confirm their speculation that presence of inhibitors in the hydrolysate hampered growth of C. beijerinckii, instead of the bacteria lacking ability to utilize galactose. In all cases, the strains did not show obvious growth at pH 4.0. This behavior is consistent with previous report that some solvent producing Clostridium strain cannot produce solvent at initial pH lower than 4.5 [10] . Because acetic acid and butyric acid have pKa of 4.76 and 4.82, respectively, fermentation carried out at pH significantly below the pKa of these acids can result in accumulation of un-dissociated acids and premature cessation of ABE production. Except growth of C. beijerinckii on galactose, other curves display better growth at an initial pH of 5.0. Statistical analysis revealed that C. acetobutyricum had grown significantly better on glucose at pH 5 than at any higher pH (p<0.05). At pH near neutral, the bacteria cannot prosper because acidogenesis is so fast that accumulation of large amount of acids can inhibit subsequent solventogenesis.
The mechanism of galactose consumption has not been fully understood yet. For other sugars such as glucose and mannose, the most important carbohydrate transportation system is the phosphotransferase system (PTS) [11] . Although the PTS for galactose may also exist in solvent producing Clostridium, a proton symport instead of PTS is more likely used for galactose consumption [12] . Our experiments here confirmed that both C. acetobutyricum and C. beijerinckii can utilize galactose despite the debate of galactose transporting system. Moreover, there is practical importance in industrial setting to identify multiple species that can utilize the same substrate. Phages are usually specific to a certain strain belonging to a single genomic DNA fingerprint group [9] . It will be helpful to relieve phage infection by switching operating strain when it is infected. Consistent with the growth curves, maximal solvents were produced at pH 5.0 when both strains were grown on glucose substrate (Fig.  1b ). After 72 hour fermentation, C. acetobutyricum produced 0.62 g/L ethanol, 0.78 g/L acetone and 4.58 g/L butanol ( Fig. 1b ) by using 28.06 g/L glucose (Fig. 2) . The total solvents produced (5.98 g/L) were significantly higher than 3.24 g/L at pH 4.5 (p<0.05) or 4.87 g/L at pH 6.5 (p<0.05) from the statistical analysis, consistent with our finding that the bacteria grew not well at a pH too low or too high. Compared to C. acetobutyricum, C. beijerinckii converted slightly less glucose to solvents. It used 20.52 g/L glucose ( Fig. 2 ) and produced 0.55 g/L ethanol, 0.68 g/L acetone and 4.19 g/L butanol (Fig. 1b) . The solvent yields of C. acetobutyricum and C. beijerinckii reached 0.213 and 0.264 g/g glucose, respectively. Because the pH was not monitored and adjusted online, the yields here were less than controlled pH experiments [8, 13] but comparable to some other reports [14, 15] . Therefore, there could be a large amount of substrate diverted to acetic and butyric products in this study, resulting in significant drop of pH to 3.72 and 3.94 using C. acetobutyricum and C. beijerinckii, respectively. Using galactose as substrate, C. acetobutyricum and C. beijerinckii produced total solvents of 4.64 g/L and 3.53 g/L (Fig. 1c) , respectively. Much less products were released from the substrate compared to glucose. While the existence of PTS transporter for galactose is in debate, a galactose utilization pathway by a proton symport can be found from three C. acetobutyricum and two C. beijerinckii publicly available genomes in NCBI database ( Table 1) . The process involves key enzymes of a galactokinase, a galactose-1-phosphate uridylyltransferase and a UDP-galactose-4-epimerase to produce UDP-glucose from galactose. UDP-glucose is then converted to an alpha-D-glucose-phosphate before it can enter the glycolytic pathway. The three key enzymes are all organized in a cluster in the available genomes, demonstrating the prevailing existence of this pathway. The slow galactose utilization may be limited by one or more steps in the transportation, phosphorylation and isomerization, as which have been reported for xylose utilization by C. acetobutyricum [16] . Fermentation of galactose may become more efficient if bottlenecks in transportation, isomerization and phosphorylation can be eliminated as reported elsewhere [16] . It will then be very attractive to produce biofuel using algae substrate [17] .
Because glucose and galactose are basic units for many algae cell walls, it is important to examine co-fermentation of glucose and galactose in order to produce biobutanol from these algae. In the cofermentation, galactose can be consumed simultaneously with glucose, even though showed a slower rate (Fig. 3a) . Ethanol fermentation using Saccharomyces cerevisiae typically suffers significant glucose repression, in which case utilization of other sugars such as xylose can only efficiently start after depletion of glucose [4] . Compared to Saccharomyces cerevisiae, solvent producing Clostridium did not exhibit significant glucose repression, showing advantage over traditional ethanol fermentation. The total solvents reached 4.19 and 4.57 g/L using C. acetobutyricum and C. beijerinckii, respectively (Fig. 3b ). If improvement in galactose consumption can be achieved, cofermentation of galactose and glucose can be more practical in future.
In conclusion, we found both C. Acetobutyricum and C. Beijerinckii strains can ferment glucose and galactose, and showed optimal pH at about 5.0 based on cell growth and solvent production. During co-fermentation of the mixed sugars, galactose can be consumed simultaneously with glucose, though with a slower rate. The total solvents reached 4.19 and 4.57 g/L using C. Acetobutyricum and C. Beijerinckii, respectively. These results demonstrate ABE fermentation can be a potential way to produce biofuel from red macroalgae, major constituents of which are galactose and glucose. Optimal pH for strain growth on glucose and galactose: After medium was autoclaved to achieve sterile condition, Clostridium acetobutyricum and Clostridium beijerinckii were grown with 10% inoculum statically in anaerobic environment at 37 o C and pHs of 4.0, 4.5, 5.0, 5.5, 6.0 and 6.5 using 40 g/L galactose or glucose as substrate on the growing medium. Samples were taken after 72 hour and centrifuged to obtain supernatant for analysis. All clear samples were kept frozen in sealed vials to maintain stability of volatile components until they could be analyzed [18] .
Experimental
Cell density was measured via light absorbency at a wavelength of 600 nm. Glucose and galactose concentrations were measured using 3,5-Dinitrosalicylic acid (DNS) method as reported elsewhere [19] . Concentrations of solvents were determined using gas chromatography [18] (Shimadzu GC-8A) equipped with a GDX-103 column (2 m × 3 mm) and a flame ionization detector (FID) using propanol (6 g/L) as internal standard. Nitrogen was used as the carrier gas. The injection volume was 0.2 μL. Temperature of both the injector and FID was 210 o C. The oven temperature was held at 210 o C for 5 min. Chromatographic data was recorded and integrated using a N2000 chromatography data system.
Co-fermentation of glucose and galactose:
Co-fermentation was performed at pH 5.0 using 20 g/L glucose plus 20 g/L galactose as substrates. Samples were taken every 24 hour to assay for solvent concentrations. Glucose concentrations were measured using glucose assay kit (GAHK20, Sigma-Aldrich). Galactose concentrations were calculated through deducting glucose absorbency from total absorbency of sugars in DNS measurements.
